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SECTION  I 


INTRODUCTION  AND  SUMMARY 


INTRODUCTION 

Aircraft  turbine  engines  have  increased  in  complexity  in  recent  years,  and 
the  engine  cycles  now  being  evaluated  for  future  applications  are  even  more 
complex.  The  older  generation  of  engines  in  use  today  are  basically  fixed- 
geometry  designs  with  only  fuel  flow  and  perhaps  nozzle  area  as  variables.  Newer 
engines,  like  the  Pratt  & Whitney  Aircraft  FlOO,  use  variable  geometry  in  the  fan 
and/or  compressor  stators.  Future  engines,  the  so-called  variable  cycle  engines, 
may  also  have  variable  turbine  geometry. 

The  trend  toward  more  complex  engines  has  resulted  in  additional 
requirements  for  the  control  system.  Control  systems  for  older  engines  required 
the  measurement  of  three  or  four  parameters  and  the  control  of  only  one  or  two 
variables.  Controls  for  future  engines  will  require  the  measurement  of  many 
parameters  (perhaps  10  to  20)  to  control  a significant  number  of  engine  variables, 
(perhaps  6 to  10).  Operational  requirements  have  also  become  more  stringent, 
necessitating  increased  control  system  capability  in  terms  of  accuracy  and 
response.  The  use  of  closed -loop  control  to  give  better  operation  of  the  engine  in 
accordance  with  performance  and  limiting  requirements  is  replacing  the 
scheduling  type  (open  loop)  controls  used  on  older  engines. 

Classical  control  design  techniques,  which  involve  the  evaluation  of  each 
controlling  loop  individually,  have  worked  well  for  older,  simpler  engines. 
However,  such  techniques  are  cumbersome  and  time-consuming  when  applied  to 
variable  cycle-type  engines;  therefore,  optimal  control  techniques  using  modern 
control  theory  are  now  being  investigated.  The  linear  quadratic  regulator  (LQR) 
is  one  specific  area  of  modern  control  theory  that  appears  to  be  suited  to  the 
engine  control  problem  due  to  the  emphasis  on  maintaining  “optimum”  engine 
performance  in  the  presence  of  a wide  variety  of  external  disturbances  (i.e., 
aircraft  maneuvers,  horsepower,  and  bleed  extractions,  etc.)  and  the  requirement 
for  fast  engine  power  transients. 
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The  objective  of  the  FlOO  multivariable  control  research  program  is  to 
extend  the  LQR  theory  to  develop  a “practical”  control  system  that  can  operate 
a state-of-the-art  gas  turbine  engine  over  its  entire  flight  envelope.  The  engine 
selected  for  this  program  is  a Pratt  & Whitney  Aircraft  FlOO  afterburning 
turbofan.  To  determine  the  adequacy  of  the  control  synthesis  effort,  the  resulting 
control  logic  will  be  incorporated  into  a digital  computer/controller.  This 
controller  will  then  be  evaluated  in  conjunction  with  a hybrid  engine  simulation. 
If  successful,  FlOO  engine  tests  will  be  conducted  at  a NASA  Lewis  Research 
Center  altitude  test  facility. 

SUMMARY 

The  Air  Force  Aero  Propulsion  Laboratory  and  NASA  Lewis  Research 
Center  have  jointly  sponsored  this  control  development  and  evaluation  effort. 
NASA  Lewis  will  provide  the  digital  computer/controller,  engine  hardware 
interfaces,  the  hybrid  computer  real-time  engine  simulation,  engine  altitude  test 
facilities,  and  engineering  manpower  to  fully  evaluate  the  LQR  control  system. 
The  Air  Force  provided  contracts  for  two  supporting  contractors:  Pratt  & 
Whitney  Aircraft,  an  engine  manufacturer,  and  Systems  Control,  Inc.  (Vt),  a 
control  research  organization.  These  contractors,  although  separately  funded, 
have  integrated  their  efforts  as  outlined  in  Figure  1 to  develop  and  evaluate  a 
control  system  for  the  FlOO  engine  using  a modem  control  approach. 

Pratt  & Whitney  Aircraft  had  prime  responsibility  to  define  the  FlOO  engine 
via  digital  computer  simulations,  to  assist  NASA  Lewis  in  establishing  the 
necessary  engine/computer  interface  hardware,  to  establish  control  criteria,  to 
define  the  basic  requirements  of  a FlOO  control  system,  and,  in  conjunction  with 
the  control  contractor,  to  support  the  Government  in  their  evaluation  of  the  LQR 
engine  control  system. 

Systems  Control,  Inc.,  had  prime  responsibility  to  develop  the  LQR  control 
logic  and  demonstrate  that  this  logic  can;  (1)  successfully  control  the  FlOO 
dynamic  digital  engine  simulation  over  its  operating  range,  (2)  be  adequately 
programed  on  NASA’s  digital  computer/controller,  and  (3)  control  both  the 
hybrid  computer  real-time  engine  simulation  and  the  FlOO  engine  in  an  altitude 
test  facility.  ^ 
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Figure  1.  Total  Engine  Support  Program  Outline 


The  total  program,  as  shown  in  Figure  1,  is  a 19-month  Phase  I effort, 
culminating  in  a hybrid  computer  evaluation  of  the  control  system,  and  a 
6-month  Phase  II  effort,  concluding  in  a FlOO  engine  test  and  evaluation  in  a 
NASA  Lewis  altitude  test  facility.  At  the  conclusion  of  the  Phase  I effort,  P&WA, 
SCI,  and  NASA  will  each  report  on  the  work  conducted.  Only  NASA  will  report 
on  the  Phase  II  tests. 
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The  work  conducted  by  P&WA  during  Phase  I of  the  contract  is  presented  in 
this  report.  The  FlOO  nonlinear  dynamic  engine  simulation,  which  provides  the 
basis  for  the  advanced  control  logic  development,  is  described.  The  method  used 
to  generate  the  linear  engine  models  from  this  nonlinear  simulation  is  discussed, 
and  linear  model  data  for  35  different  flight  points  and  power  settings  are 
presented.  Sensor  and  actuator  dynamics  are  discussed  and  the  significant 
control  features  characterized  for  inclusion  in  the  control  design  process.  Criteria 
for  design  and  evaluation  of  engine  control  logic  are  also  presented.  A brief 
description  and  preliminary  evaluation  of  the  multivariable  control  research 
logic  are  presented.  Finally,  directions  for  future  control  research  and  develop- 
ment programs  are  recommended. 
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SECTION  II 


F100  ENGINE  DESCRIPTION 


The  engine  selected  for  this  research  program  is  a Pratt  & Whitney  Aircraft 
FlOO  afterburning  turbofan,  representative  of  current  high-technology  engines  as 
illustrated  in  Figure  2.  The  FlOO-PW-lOO  is  a low-bypass-ratio,  cwin  spool,  axial- 
flow  turbofan  engine,  consisting  of  the  following  components: 

• Three-stage  fan  driven  by  a two-stage  turbine 

• Ten-stage  compressor  driven  by  an  aircooled  two-stage  turbine 
a Main  burner  with  an  annular  chamber 


• Annular  fan  duct  that  surrounds  the  basic  gas  generator  and 
discharges  air  in  the  mixed -flow  augmentor 

• Variable  area  nozzle 


Air-Coo4ed  Turbines 
/ — Augmentor 


Compressor 


Bypass  Duct 


Variable  Ccnvergent 
Divergent  Nozzle 


Electronic  Control 


Variable  Geometry 


Figure  2.  FlOO  High  Technology  Engine 


An  inlet  guide  vane  with  a movable  trailing  edge  to  achieve  variable  airfoil 
camber  is  used  ahead  of  the  fan  to  improve  inlet  distortion  tolerance  and  fan 
efficiency.  The  first  three  stators  of  the  high  compressor  are  variable  to  improve 
starting  and  high  Mach  number  characteristics.  Airflow  bleed  is  extracted  at  the 
compressor  exit  for  installation  requirements  and  starting.  The  exhaust  nozzle 
for  the  engine  is  a balance  beam  design  with  actuated  divergent  flap.  The 
variable  geometry  of  the  balanced-beam  nozzle  enables  all  three  nozzle 
performance  parameters  (nozzle  area,  expansion  ratio,  and  boat-tail  drag)  to  be 
simultaneously  near  optimum  through  the  operating  range.  The  fuel  control  is 
basically  hydromechanical  with  an  engine  mounted  digital  electronic  supervisory 
control.  The  engine  has  great  potential  for  being  adapted  to  an  all-digital 
electronic  control,  which  would  then  allow  more  versatile  control  and  permit  fully 
optimized  engine  operation  at  all  flight  conditions.  In  addition,  an  all-digital 
electronic  control  could  accommodate  the  multivariable  control  logic  to  be 
developed  in  this  program.  This  engine,  being  one  of  the  most  modern 
operational  engines,  has  been  selected  by  the  Lewis  Research  Center  for  their 
Full-Scale  Engine  Research  (FSER)  Program.  Among  the  FSER  program 
objectives  will  be  the  FlOO  engine  test  and  evaluation  of  the  multivariable 
control . 
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SECTION  III 

FIDO  ENGINE  DYNAMIC  SIMULATION 


NONLINEAR  DECK 


The  FlOO  dynamic  simulation  used  for  this  program  consists  of  individual 
representations  of  the  major  engine  components,  such  as  the  fan,  compressor, 
burner,  turbines,  duct,  and  augmentor;  with  gas  law  relationships  governing  the 
component  performance  and  interactions.  The  dynamic  or  time-varying  rela- 
tionships are  based  on  natural  laws  of  conservation  of  mass  and  energy. 
Calculations  are  made  using  the  rotor  inertial  effects,  enclosed  volume  capacitive 
effects,  and  transient  heat  transfer  effects.  Dynamic  elements,  such  as 
integrators  and  first  order  time  lags,  are  modeled  with  recursion  formulas.  The 
relationships  and  calculations  combine  to  form  a set  of  simultaneous,  nonlinear 
differential  equations.  Figure  3 illustrates  the  FlOO  dynamic  simulation  gas  path 
equations.  The  simulation  also  includes  an  option  for  using  the  current  FlOO 
engine  control.  The  two  primary  components  for  controlling  engine  operation  are 
the  engine  electronic  control  (EEC)  and  the  unified  fuel  control  (UFC).  The  UFC 
provides  basic  scheduling  for  primary  and  augmentor  fuel  flow  and  distribution, 
high  compressor  variable  geometry  settings  (RCVV),  compressor  bleeds  (BLC), 
and  nozzle  area  setting  (Aj).  The  EEC  provides  trim  to  the  unified  control  for 
aircraft/engine  coordination.  This  is  accomplished  by  trimming  engine  fuel  flow 
(WFMB),  fan  inlet  guide  vanes  (CIVV),  and  nozzle  area  based  on  feedback 
signals  from  the  engine  to  maximize  performance.  Engine  station  designations 
are  identified  in  Figure  4. 
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Figure  3.  FlOO  Engine  Dynamic  Gas  Path  Equations 
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Figure  4.  FlOO  Component  and  Station  Identification 

LINEAR  MODEL 

The  linear  FlOO  model  provided  is  of  the  form: 


X = AX  + BU 
Y = CX  + DU 


^ dt 


where  X is  the  vector  of  state  variables,  such  as  pressures  and  rotor  speeds,  X is 
the  time  derivative  of  the  state  vector,  U is  the  vector  of  control  inputs,  such  as 
fuel  flow  and  exhaust  nozzle  area,  and  Y is  the  vector  of  observed  parameters, 
such  as  thrust  or  airflow.  “A”  is  the  plant  matrix  and  its  elements  are  the  partials 
from  each  state  variable  to  each  state  variable  time  derivative.  Elements  of  the 
output  matrix  “C”  define  the  effect  of  each  state  variable  on  each  observed 
variable.  The  control  matrix  “B”  and  the  direct  couple  matrix  “D”  define  the 
effect  of  each  control  variable  on  each  state  variable  time  derivative  and  each 
observed  parameter,  respectively. 
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The  linear  model  should  be  as  simple  as  possible,  but  complex  enough  to 
contain  all  dynamic  effects  within  the  controllable  bandwidth.  For  this  program, 
a linear  model  was  provided  that  contained  all  16  states  represented  in  the 
nonlinear  FlOO  dynamic  simulation.  It  was  expected  that  these  linear  models 
would  be  simplified  by  SCI  prior  to  the  control  system  design. 

State  variables,  engine  inputs,  and  engine  outputs  utilized  in  this  program 
are  listed  below.  Augmentor  fuel  flow  was  not  selected  as  an  engine  input  to  limit 
the  scope  of  the  multivariable  control  design  to  the  nonaugmented  engine 
operating  regimes. 

1.  Engine  State  Variables 

X,  = Fan  Speed,  SNFAN  (N,)  - rpii. 

Xj  = Compressor  Speed,  SNCOM  (Nj)  - rpm 
X3  = Compressor  Discharge  Pressure,  Pts  - psia 

X4  = Interturbine  Volume  Pressure,  Pt4.s  - psia 

X5  = Augmentor  Pressure,  P„m  - psia 
Xg  = Fan  Inside  Diameter  Discharge  Temperature, 

Tt2.5h  - °R 

Xj  = Duct  Temperature,  Tt2.5c  - °R 

Xg  = Compressor  Discharge  Temperature,  Tts  - °R 

Xg  = Burner  Exit  Fast  Response  Temperature,  Ttghi  - °R 

X,o  = Burner  Exit  Slow  Response  Temperature,  Tt4io  - °R 

Xu  = Burner  Exit  Total  Temperature,  Tt4  - °R 

X,2  = Fan  Turbine  Inlet  Fast  Response  Temperature, 

Tt4.5hi  * °R 

X,3  = Fan  Turbine  Inlet  Slow  Response  Temperature, 

Tt4.6lO  ■ °R 

X|4  = Fan  Turbine  Exit  Temperature,  Ttg  - °R 

X,g  = Duct  Exit  Temperature,  Ttgc  - °R 
X|g  = Duct  Exit  Temperature,  Tt7m  - °R 
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2.  Engine  Inputs 


I 

f 


!f 


i 

) 


I 


u. 

U, 

Us 

U. 

Us 


= Main  Burner  Fuel  Flow,  WFMB  - Ib/hr 
= Nozzle  Jet  Area,  Aj  - ft* 

= Inlet  Guide  Vane  Position,  CIVV  - deg 
= High  Compressor  Variable  Vane  Position,  RCW  - deg 
= Customer  Compressor  Bleed  Flow,  BLC  - % 


3.  Engine  Outputs 

Y,  = Engine  Net  Thrust  Level,  FN  - lb 

Yj  = Total  Engine  Airflow,  WFAN  - Ib/sec 

Ys  = Turbine  Inlet  Temperature,  Tts  - °R 

Ys  = Fan  Stall  Margin,  SMAF 

Yg  = Compressor  Stall  Margin,  SMHC 

Yg  = Fan  Exit  AP/P,  (Pts.e  P«2.8)/P»2.6» 
based  on  test  data 

Y7  = Fan  Exit  AP/P,  (Pt2.g  - P«2.6)/Ps2.8. 

theoretical  function  of  area  and  airflow. 

These  states,  inputs,  and  outputs  can  be  noted  on  Figure  3.  The  16  states  are  the 
outputs  of  the  16  integrations.  In  the  heat  transfer  cases,  the  integrations  are 
implied  by  the  transfer  functions. 


The  matrix  coefficients  for  this  program  were  generated  by  Pratt  & Whitney 
Aircraft  using  an  offset  derivative  technique  with  a forced  steady-state  match. 
This  technique  was  computerized  on  the  FlOO  dynamic  simulation  and  operated 
as  follows. 

• Each  X was  perturbed  one  at  a time  while  holding  all  other  X’s 
and  all  U’s  constant.  This  allows  calculations  of  the  A and  C 
matrix  components. 

X = A X + BO 
Y = C X D O 
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For  a simple  2X2  A,  B,  C,  D example: 


An  = X./X, 

Ai2  ~ Xj/Xa 
Aji  = X2/Xj 
A22 

or  Aij  = Xi/Xj 


Cn  = Y,/Xi 
Cn  = Y,/X2 
C2.  = YJX, 

Cjj  = Y2/X2 

Cij  = YiA^j 


• Each  U is  then  perturbed,  one  at  a time,  with  the  simulation 
operating  in  the  steady-state  mode.  This  forces  the  B and  D 
matrixes  into  a steady-state  match  for  X and  Y with  per- 
turbations in  U. 

AX  -I-  BU  = 0 
CX  DU  = Y 
A,  C = known 

For  a simple  2X2  A,  B,  C,  D example: 

Bn  = -(AnX,  -K  A^^X^IAJ, 

Bi2  = ~(AnXi  -|-  A|2X2)AJ2 
B21  = — (A21X1  -I-  A22X2)AJi 
B22  = — (A21X,  + A22X2)/U2 
Dn  = (Yi  — CnXi  — Ci2X2)AJi 

D.2  = (Y»  - CnXi  - CM/U2 

D2,  = (Y2  - C2.X.  - C22X2)AJ, 

D22  ~ (Y2  ~ C21X1  — C22X2)Al2 
or  Bij  = -(Ai,X,  + AijX*  + 

Dij  = (Yi  - Ci,X,  - 0^X2  - 

The  complete  set  of  A,  B,  C,  and  D matrix  coefficients  is  provided  in 
Appendix  B 

Several  different  levels  of  perturbations  on  the  states  (X’s)  and  inputs  (U’s) 
were  evaluated  at  sea  level  static  (SLS)  idle.  For  other  programs  this  has  proved 
to  be  the  most  difficult  point  to  obtain  good  linear  models.  This  was  also  true  for 
this  program,  so  idle  was  used  for  model  and  perturbation  comparisons. 
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Statistical  error  indexes  were  calculated  to  mathematically  compare  the 
different  perturbation  combinations.  The  error  index  is  an  indicator  of  how 
closely  the  response  of  the  linear  and  nonlinear  models  match  as  a function  of 
time.  The  error  index  was  defined  as: 

Error  Index  for  State  X = J 

\ i I ' • 


where:  AX,  = Linear  model  state  variable  change  in  response  to 

a change  in  U 

AXni  = Nonlinear  model  state  variable  change  in  response 
to  a change  in  U 

i = Points  in  time  selected  for  comparison 


n = Number  of  points  selected. 


For  these  .studies,  every  sample  time  (0.007  sec)  was  used  in  the  error  index  for 
8-sec  transients. 


» 
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Figure  5 illustrates  error  index  differences  for  each  of  the  16  states  with  j 

various  levels  of  input  steps.  Error  indexes  of  less  than  0.001  provided  a good 

I 

transient  match  to  the  nonlinear  deck,  as  illustrated  by  Figure  6,  which  compares 

linear  and  nonlinear  responses  at  SLS  idle  for  a fuel  flow  step.  Studies  at  other  - 

power  settings  and  flight  conditions  showed  the  “best”  overall  agreement 

between  linear  and  nonlinear  model  occurred  when  the  states  were  perturbed  ^ 

0.59f  and  the  inputs  were  perturbed  as  follows: 


WFMB 

Aj 

CIVV 

5 deg 

KCVV 

1 deg 

BLC 

0.2''r 

1 

L 


i 

\ 

\ 
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or  mm 


Figure  5.  Error  Index  Differences 


nr  itmas 

Figure  6.  Sixteen-State  Linear  to  Nonlinear  Model  Comparison  - 
Idle  Power 
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The  same  perturbation  steps  were  used  for  all  linear  model  development. 
Figure  7 compares  the  linear  and  nonlinear  model  responses  at  intermediate 
power  for  other  parameters.  Illustrated  are  fuel  flow,  burner  pressure,  turbine 
inlet  temperature,  and  fan  stall  margin  changes.  The  slight  steady-state 
differences  that  occur  are  attributed  to  deck  tolerances,  and  the  models  are 
considered  to  be  in  good  agreement. 

Advantages  of  the  offset  derivative  method  are  short  computer  run  time  and 
improved  steady-state  matching.  The  dynamic  characteristics  (system  eigen- 
values and  time  response)  of  the  linear  mcxlels  generated  by  this  technique  have 
been  found  to  be  similar  to  those  generated  using  the  least  square  coefficient 
matching  technique  in  system  output  data.  One  disadvantage  is  that  the  offset 
derivative  technique  does  not  have  the  potential  of  being  applied  directly  to  test 
data. 
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SECTION  IV 


SENSOR  AND  ACTUATOR  CHARACTERISTICS 


The  dynamic  characteristics  of  the  control  actuators  and  sensors  have  been 
linearized  as  described  in  the  following  paragraphs.  These  linear  models  were 
added  to  the  linear  engine  model  to  obtain  a total  plant  (sensor-engine-actuator) 
model  for  use  in  the  LQR  synthesis  process.  In  many  cases,  the  nonlinear  effects 
that  have  been  removed  have  a significant  effect  on  the  system  operation  so  that 
the  results  of  the  linear  analysis  must  be  carefully  interpreted. 


The  five  control  variables  (WFMB,  RCVV,  CIVV,  Aj,  and  BLC)  are 
positioned  by  actuators  with  limits  and  maximum  slew  rates,  as  shown  in 
Table  I. 


Table  I.  Actuator  Limits  and  Maximum  Rates 


Actuator 

Maximum 

Minimum 

Rate  Limits 

WFMB 

16,300  ft/hr 

450  Ib/hr 

15,800  Ib/hr/sec 

RCVV 

4 deg 
(Axial) 

~40  deg 
(Cambered) 

40  deg/sec 

CIVV 

0 deg 
(Axial) 

-40  deg 
(Cambered) 

48  deg/sec 

Aj 

6.4  ft* 

2.8  ft* 

1.8  to  3.6  ft*/sec 

BLC 

6% 

0 

Instantaneous 

The  dynamics  of  the  main  burner  fuel  flow  (WFMB)  path  are  dominated  by 
the  fuel  metering  valve  and  the  pump  controller,  which  also  regulates  the  system 
pressure.  The  hysteresis  represents  an  accumulation  of  mechanical  backlash  in 
the  linkages  and  servos  of  the  hydromechanical  control  system.  The  fuel  flow 
hysteresis  effects  are  relatively  small  and  can  be  removed  with  no  serious 
consequences.  The  fuel  flow  dynamics  can  then  be  represented  by  a series  of  two 
simple  first  order  elements  (Figure  8). 
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Hysteresis  (±PPH) 
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Figure  8.  Main  Burner  Fuel  Flow  Dynamics 

The  rear  compressor  variable  vane  (RCVV)  actuation  system  (Figure  9)  is 
characterized  by  nonlinear  actuation  rates  and  vane  linkage  hysteresis.  This  loop 
can  be  linearized  by  replacing  the  control  rate  curve  with  a gain  of  40  deg/sec  and 
removing  the  linkage  hysteresis  function.  These  nonlinear  items  are  significant 
and  must  be  considered  as  the  control  analysis  proceeds. 

The  compressor  inlet  variable  vane  (CIVV)  actuation  system  includes  a 
stepper  motor  interface  (Figure  10).  This  loop  is  linearized  by  assuming  the 
stepper  motor  is  continuously  variable  and  removing  the  nonlinear  control  rate 
and  position  limits.  There  is  no  significant  hysteresis  in  the  CIW  system. 

The  exhaust  nozzle  jet  area  (Aj)  control  synamics,  (Figure  11)  are  highly 
dependent  on  the  nozzle  pressure  loading  conditions  and  the  pneumatic  power 
supply  pressures  and  temperatures.  The  linearized  representation  is  derived  from 
a nonlinear  simulation  model  and  is  valid  for  input  steps  of  ±3%.  The  damping 
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(0.27  to  0.56)  and  natural  frequency  (3  to  6 Hz)  ranges  include  the  effects  of  both 
flight  condition  and  power  setting  variations. 


The  customer  bleed  (BLC)  actuator  is  not  part  of  the  FlOO  system.  Test  data 
show  the  response  of  this  valve  to  be  virtually  instantaneous.  For  a practical 
system,  a servo  time  constant  of  0.02  sec  can  be  assumed. 

With  the  exception  of  the  FTIT  and  Tt2.5  sensors,  the  engine  sensors  can  be 
represented  by  first  order  time  constants,  as  presented  in  Table  II.  The  fan  speed 
(Ni)  sensor  dynamics  represent  an  electronic  blade  counting  device.  The 
compressor  speed  (Nj)  sensor  is  a hydromechanical  device  mounted  on  the  main 
fuel  pump.  The  Tt2  sensor  response  is  typical  of  a shielded  thermocouple  placed 
directly  in  the  airstream.  The  pressure  sensor  (Pb)  represents  a hydromechanical 
device  used  with  the  current  control.  A typical  electrical  pressure  sensor  that  has 
been  set  up  to  avoid  excessive  line  dynamics  would  be  faster  with  a time  constant 
on  the  order  of  0.01  to  0.02  sec. 


RCVV  System 
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RCVV  Error 
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Figure  9.  RCW  Actuation  System 


CIVV  System 


Figure  10.  CIW  Actuation  System 


Figure  11.  Exhaust  Nozzle  Actuation  System 


Table  II.  Sensor  Dynamics 


Parameter 

Time  Constant 
(sec) 

Comments 

N, 

0.03 

Electronic  Device 

N> 

0.05 

Hydromechanical  Device 

Tt, 

1.5 

Shielded  Thermocouple 

Ph 

0.05 

Hydromechanical  Device 

The  Tt2.6c  and  FTIT  sensor  models  are  shown  in  Figure  12.  The  Ttj.SC  sensor 
is  a unique  design  that  has  been  configured  for  the  FlOO  application.  A typical 
electrical  sensor  at  station  2.5  would  have  a time  constant  on  the  order  of  1.5  sec 
(similar  to  the  Ttj  sensor).  The  FTIT  sensor  has  been  set  up  to  match  sensor  test 
data  at  sea  level  static  conditions.  This  model  was  found  to  provide  a good 
representation  over  the  flight  envelope.  Limited  life  instrumentation  probes 
located  at  this  station  could  be  represented  by  a 1.0-sec  time  constant. 
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Figure  12.  Tt^.tc  ond  FTIT  Sensor  Dynamics 
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SECTION  V 


F100  ENGINE  CONTROL  CRITERIA 

Advanced  propulsion  systems  operate  at  or  near  design  limits  with  tight 
control  of  speed,  pressure,  temperature,  and  airflow  to  achieve  maximum 
performance  while  maintaining  engine  durability.  An  accurate  and  reliable 
control  system  is  required  to  ensure  high  engine  performance  and  operational 
stability  throughout  the  flight  envelope.  The  control  system  must  sense  pilot 
commands,  airframe  requirements,  and  critical  engine  parameters;  compute  the 
necessary  schedules;  and  actuate  system  variables  for  total  engine  control  over 
the  full  range  of  operation.  Mission,  airframe,  and  engine  requirements  are 
combined  to  generate  a control  criteria  list  as  shown  on  Table  III.  These  criteria 
may  differ  in  details  for  more  complex  propulsion  systems,  but  the  general 
character  will  be  the  same.  Table  III  represents  an  approximate  priority  list  of 
the  design  criteria  for  the  FlOO  system.  Engine  protection  is  at  the  top  of  the  list 
because  of  concern  for  aircraft  safety.  In  cases  where  safety  of  the  aircraft 
depends  on  engine  dynamics  (for  example,  V/STOL),  transient  response  would 
move  to  the  top  of  the  list,  along  with  engine  protection. 

ENGINE  PROTECTION 

Limiting  values  that  must  not  be  exceeded  to  ensure  adequate  protection  of 
tbe  engine  are  described  in  the  following  paragraphs. 

Temperature  Limits 

The  actual  temperatures  that  must  be  maintained  within  limits  to  protect 
the  engine  are  Tts  (compressor  discharge  temperature)  and  Tt«  (turbine  inlet 
temperature).  The  Tts  limit  is  based  on  maximum  allowable  metal  temperature 
and  the  fact  that  turbine  cooling  effectiveness  decreases  rapidly  above  this  value. 
The  Tt4  limit  is  based  on  maximum  allowable  metal  temperature  and  turbine  life 
considerations. 
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Table  III.  Outline  of  Control  Criteria 

Engine  Protection 

Temperature  limits 
Speed  Limits 
Pressure  Limit 
Structural  Stability 

Engine  Stability 

Engine  Fluctuations 

Fan  and  Compressor  Stall  Margins 

Augmentor  Spikes 

Compatibility  With  Inlet/Aircraft 

Airflow  Corridor 
Minimum  Burner  Pressure 

Steady-State  Performance  and  Accuracy 

Thrust  Modulation 

Thrust  and  Fuel  Consumption  Requirements 
Control  Sensitivity 

Deterioration 
Installation 
Inlet  Conditions 
Augmentor  Ignition 

Repeatability 

Transient  Requirements 

Thrust  Monotonic  Function  of  Time 
Acceleration  and  Deceleration  Times 
Combustion  Stability 

Trim  Capability/Procedure 

Start/Transition  Capability  
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The  current  control  limits  FTIT  (fan  turbine  inlet  temperature)  to  maintain 
Tts  and  Tt4,  as  described  above.  Engine  performance  simulations  (based  on  test 
data)  eure  used  to  obtain  correlations  of  Tts  and  Tt«  with  FTIT  over  a range  of 
engine  operating  conditions.  The  correlations  are  then  combined  into  a schedule 
of  FTIT  as  a function  of  Ttj  (engine  inlet  total  temperature). 

To  help  meet  transient  response  requirements,  it  is  allowable  to  exceed  the 
FTIT  limit  for  a period  of  not  more  than  0.5  sec. 

Speed  Limits 

Fan  speed  (Nj)  is  limited  as  a function  of  Tts  (engine  inlet  total 
temperature).  Under  normal  conditions,  N,  will  be  scheduled  below  the  limit 
because  of  performance  and  stability  considerations.  Compressor  physical  speed 
(Nj)  is  limited  to  an  absolute  maximum  value.  Usually  Nj  is  maintained  safely 
below  this  level.  Any  overspeed  requires  at  least  a visual  inspection  of  the  high 
rotor. 

Pressure  Limit 

To  assure  structural  integrity,  burner  pressure  is  limited  to  a maximum 
value.  This  limit  is  normally  encountered  only  at  low-altitude,  high  Mach 
number  conditions. 

Structural  Stability 

Engine  fan  and  compressor  variable  geometry  must  be  scheduled  within  the 
flutter  boundaries. 

ENGINE  STABILITY 
Engine  Fluctuations 

Under  steady-state  operating  conditions,  engine  thrust  fluctuations  between 
ground  idle  and  maximum  continuous  thrust  must  not  exceed  ±1%  of 
intermediate  thrust  or  ±5%  of  the  thrust  available  at  the  power  lever  position 
and  flight  condition,  whichever  is  less.  During  operation  above  intermediate 
thrust,  fluctuations  must  not  exceed  ±1%  of  the  thrust  available  at  the 
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condition.  During  engine  transients,  the  variation  of  engine  airflow  from  the 
corresponding  steady -state  values  of  the  power  setting  selected  must  not  cause 
propulsion  system  instability. 


Fan  and  Compressor  Stall  Margins 


The  ground  rule  for  fan  and  compressor  stability  is  to  not  allow  fan  stall 
margin  to  go  below  0.15  or  compressor  stall  margin  to  go  below  0.05.  Stall  margin 
is  defined  by: 


(Pressure  Ratio  Stall  - Pressure  Ratio  Operating)  ■ 
Pressure  Ratio  Stall 


At  constant  airflow 


Augmentor  Pressure  Spikes 


Jet  area  and  augmentor  fuel  flow  must  be  coordinated  during  augmentor 
transients  so  that  the  resulting  pressure  spikes  are  within  the  limit.  Pressure 
upspikes  are  caused  by  Aj  being  too  small  and  can  result  in  fan  stalls. 
Downspikes  are  caused  by  Aj  being  too  large  and  can  result  in  augmentor 
blowouts.  (Augmented  engine  operation  will  not  be  investigated  in  this  program. 
However,  pressure  spikes  resulting  from  augmentor  initiation  will  be  considered.) 


COMPATIBILITY  WITH  INLET/AIRCRAFT 


Airflow  Corridor 


Engine  airflow  limits  are  set  by  inlet  constraints.  Airflow  variation  is 
restricted  for  supersonic  operation  to  help  maintain  the  inlet  shock  at  a desirable 


location. 


Minimum  Burner  Pressure 


To  provide  accessory  air  for  various  aircraft  subsystems,  it  is  required  that 
engine  burner  pressure  be  maintained  above  a minimum  level  of  50  psia. 
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STEADY-STATE  PERFORMANCE  AND  ACCURACY 


Thrust  Modulation 

The  relationship  between  thrust  and  power  lever  is  of  the  fully  modulated 
type,  free  of  abrupt  changes  and  essentially  linear  with  a thrust  step  of  not  more 
than  4%  of  intermediate  rated  thrust  when  augmentation  is  initiated  or 
terminated. 

Thrust  and  Fuel  Consumption  Requirements 

Engine  thrust  and  fuel  consumption  specifications  are  given  in  engine 
specification  tables. 

Control  Sensitivity 

Deterioration 

The  engine  must  be  controlled  to  maintain  the  required  thrust,  regardless  of 
engine  deterioration,  except  where  the  level  of  deterioration  is  such  that  the 
engine  limits  would  be  exceeded.  Fan  and  compressor  efficiency  decrements  of  1 
to  2%  are  typical.  Turbine  efficiency  losses  up  to  3%  also  have  been  experienced. 

Installation 

The  engine  must  be  controlled  so  that  thrust  is  insensitive  to  variations  in 
horsepower  extraction  and  customer  bleed  flow  up  to  the  point  where  engine 
limits  would  be  exceeded. 

Inlet  Conditions 

The  engine  must  operate  satisfactorily  in  the  face  of  inlet  pressure  (Pt2)  and 
temperature  (Tt2)  variations  and  rates  of  change  of  inlet  conditions  common  to 
the  operation  of  highly  maneuverable  aircraft.  Steady-state  inlet  variations  are 
less  than  1%  of  Pt2  and  Ttj.  For  aircraft  accelerations,  P,2  and  Tt2  rates  of  change 
of  0.15  psia/sec  and  2°F/sec  are  representative.  For  aircraft  decelerations,  the 
rates  may  be  as  much  as  —0.5  psia/sec  and  -7°F/sec. 


Augmentor  Ignition 


The  control  must  be  insensitive  to  augmentor  ignition  pulse. 

Repeatability 

Stabilized  thrust  at  any  power  lever  position  must  be  repeatable. 

TRANSIENT  REQUIREMENTS 
Thrust  Monotonic  Function  of  Time 

For  increases  or  decreases  in  power  lever  angle,  engine  thrust  must  be  a 
monotonically  increasing  or  decreasing  functii  ”.  of  time,  respectively. 

Acceleration  and  Deceleration  Times 

Transient  thrust  response  requirements  are  specified  for  sea  level  static, 
standard  day,  uninstalled  conditions  (Table  FV).  With  maximum  horsepower 
extraction  and  bleed  flow,  the  response  times  typically  cannot  exceed  125%  of 
these  values.  Idle  thrust  is  defined  as  the  lowest  attainable  engine  thrust, 
intermediate  as  the  highest  nonaugmented  thrust,  and  maximum  is  defined  as 
the  highest  augmented  engine  thrust. 

Table  IV.  FlOO  Transient  Thrust  Requirements 

Thrust 

Change  Idle-  30^'c  Intermediate-  Idle-  Intermediate-  Maximum-  Intermediate- 
Ct)  Intermediate  Intermediate  Maximum  Maximum  Intermediate  Idle 


Combustion  Stability 


Primary  burner  fuel  flow  must  be  maintained  at  a sufficiently  high  level 
during  engine  decelerations  so  that  no  blowout  of  the  burner  can  occur. 

TRIM  CAPABILITY. 

External  adjustments  to  the  control  must  have  sufficient  range  to  permit  the 
engine  to  produce,  under  standard  sea  level  conditions,  rated  thrust  or  higher 
above  the  idle  power  level  position;  rated  thrust  or  lower  at  the  idle  power  lever 
position;  rated  specific  fuel  consumption  or  lower  above  the  idle  power  lever 
position,  and  rated  fuel  flow  or  lower  at  the  idle  power  lever  position  within  the 
limits  of  the  measured  gas  temperature,  rotor  speeds,  airflows  and  engine 
pressure  ratio  associated  with  the  ratings. 

START/TRANSITION 

For  this  program,  the  engine  will  be  started  using  the  current  FlOO  control 
system.  Provision  must  be  made  for  transition  to  the  multivariable  control  mode 
at  idle  power. 


31 


i.ijwiiiiinipi- 


SECTION  VI 

FLIGHT  POINT  SELECTION 


The  flight  points  at  which  the  control  is  to  be  evaluated  were  selected  jointly 
by  P&WA/SCI/NASA/AFAPL. 

Sixteen  points  were  chosen  to  fully  describe  the  operational  flight  envelope, 
with  emphasis  on  regions  of  extreme  conditions  of  pressure,  temperature  and 
control  system  limitations.  Basic  design  points  were  also  included  for  system 
evaluation.  Table  V shows  the  selected  flight  condition  points  and  the  tests  that 
will  be  run  on  each.  Figures  13  and  14  show  plots  of  each  of  the  points  as 
altitude/Mach  number  and  inlet  condition  maps  respectively. 


32 


SECTION  VII 


CONTROL  SYSTEM  DESCRIPTION  AND  EVALUATION 

A simplified  schematic  of  the  FIDO  multivariable  control  algorithm, 
developed  by  Systems  Control,  Inc.  (Vt),  is  shown  in  Figure  15.  This  algorithm 
was  developed  using  reduced  order  linear  models  derived  from  the  sixteenth  order 
linear  models  provided  by  P&WA.  Reference  schedules  and  limits,  based  on  the 
requested  power  setting  and  flight  condition,  were  provided  for  the  following 
engine  state,  control,  and  trim  variables.  These  were  obtained  by  exercising  the 
nonlinear  simulation. 

1.  Engine  State  Variables 

Low  rotor  speed  (N,) 

High  rotor  speed  (Nj) 

Burner  Pressure  (Pd) 

Augmentor  pressure  (Pta) 

Main  burner  fuel  flow  (WFMB) 

2.  Control  Variables 

Main  burner  fuel  flow  (WFMB) 

Exhaust  nozzle  area  (Aj) 

Compressor  inlet  variable  vanes  (CIVV) 

Rear  compressor  variable  vanes  (RCVV) 

Compressor  bleeds  (BLC) 

3.  Trim  Variabies 

Fan  turbine  inlet  temperature  (FTIT) 

Low  rotor  speed  (N,) 

Fan  exit  AP/P 
Burner  pressure  (Pb) 

The  transition  control  logic  operates  on  the  reference  schedules  to  provide  a 
transient  reference  for  the  controller  to  follow  for  any  magnitude  input. 
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Limits 


Figure  15.  FlOO  Multivariable  Control  Algorithm 


Transition  commands,  designed  to  avoid  excessive  error  terms,  which  can  lead  to 
erroneous  control  action  and/or  saturation  of  controls,  are  calculated  from  an 
analysis  of  linearized  engine  data  to  provide  desired  rates  of  change  on  engine 
output  variables,  such  as  surge  margin,  thrust,  and  turbine  inlet  temperature. 

The  control  mode  is  basically  proportional  plus  integral  with  the  outputs  of 
each  of  these  paths  added  to  a scheduled  value  of  each  control  variable.  A 
proportional  gain  matrix,  which  forms  the  linear  quadratic  regulator  (LQR), 
operates  on  error  terms  from  all  five  state  variables  to  drive  all  five  control 
variables.  These  gains  are  calculated  by  solving  the  matrix  Riccati  equation  for 
a performance  index  with  weightings  on  both  the  states  and  the  control  inputs, 
sized  to  obtain  the  desired  closed  loop  response.  Control  gains  required  at  a given 
flight  condition  and  power  setting  are  scheduled  as  a function  of  air  inlet  density 
(Pt2/Tt2)  and  corrected  high  rotor  speed  (N2/\/M2).  (A  two-dimensional  linear 
interpolation.) 

Integral  gain  terms  are  calculated  separately  for  trim  action  roughly  on  the 
order  of  a 1-sec  time  constant  response.  The  integrators  on  fuel  flow  and  nozzle 
area  are  driven  by  errors  on  engine  output  variables.  When  driven  by  errors  on 
fan  AP/P  and  low  rotor  sp-.^ed,  the  fuel  flow  and  nozzle  area  integrators  operate 
to  set  the  steady-state  match.  The  CIVV,  RCVV,  and  BLC  integrators  are  driven 
to  assure  that  the  geometry  returns  to  the  proper  steady-state  schedule.  These 
integrators  are  only  allowed  to  operate  in  this  fashion  when  the  system  is  near 
steady  state,  which  is  determined  by  the  magnitude  of  a high  rotor  speed  error 
calculated  in  the  “transition  control”  block.  If  FTIT  or  Ph  limits  are  exceeded, 
the  “error  select  logic”  selects  the  appropriate  error  terms  to  input  to  the  fuel  flow 
and  nozzle  area  integrators,  and  allows  the  fuel  flow  integrator  to  trim  regardless 
of  the  magnitude  of  the  fan  speed  error.  The  integrators  are  also  allowed  to  wind 
down  if  the  error  terms  are  of  the  appropriate  sign.  The  integrator  logic  is 
controlled  with  inputs  from  the  engine  “protection”  block  wherein  amplitude 
limits  for  each  control  variable  are  checked  and  flags  set  for  clamping 
appropriate  integrators.  Finally,  deadband  is  applied  to  all  integrator  inputs  to 
avoid  limit  cycling  due  to  downstream  hysteresis  and  other  error  sources. 


The  sensed  value  of  fan  turbine  inlet  temperature  (FTIT)  (output  from  a 
slow  sensor),  the  steady-state  reference  value  of  FTIT,  and  a function  of  fuel  flow 
are  combined  in  the  estimator  block  to  predict  whether  the  current  combination 
of  inputs  will  cause  a temperature  overshoot  at  a later  point  in  the  transient.  This 
predicted  value  of  steady-state  temperature  is  then  compared  with  the  FTIT 
limit  and,  if  required,  the  fuel  flow  integrator  downtrims  to  reduce  fuel  flow 
before  an  overshoot  can  occur.  In  the  protection  block,  hard  limits  on  fuel  flow 
and  geometry  excursions  are  provided  in  case  of  control  malfunction  or  as  part  of 
the  designated  transient  excursion. 

A preliminary  control  evaluation  was  performed  by  P&WA  in  accordance 
with  the  10  test  items  listed  in  Table  VI.  These  test  items  include  large  and  small 
power  transients,  inlet,  and  augmentor  disturbances,  control  operation  on  engine 
limits,  and  with  the  area  saturated,  and  steady-state  operation  in  the  presence  of 
deterioration,  power  extraction  and  bleed  extraction.  This  preliminary  eval- 
uation was  established  to  test  the  multivariable  control  on  the  nonlinear  digital 
simulation  prior  to  the  NASA-LeRC  evaluation  on  the  hybrid  simulation  and  the 
test  engine.  The  NASA  hybrid  simulation  plans  include  more  extensive  testing 
over  the  entire  engine  envelope. 

In  general,  the  large  amplitude  acceleration  and  deceleration  transients  met 
the  speciflc  time  response  requirements.  The  surge  margins  for  these  transients 
occasionally  dipped  slightly  below  the  FlOO  Bill-of-Material  (BOM)  control 
margins,  but  not  significantly.  In  fact,  as  illustrated  in  Figure  16,  during  most  of 
the  transient  there  is  stall  margin  available  for  achieving  even  more  rapid 
responses.  The  turbine  temperature  was  well  controlled.  A typical  idle  to 
intermediate  transient  is  presented  in  Figure  16.  The  control  responded  well  to 
the  large  amplitude  “Bodie”  Power  lever  command. 

Small  perturbation  response  requirements  are  not  specified  in  the  control 
criteria  but  the  guideline  of  90%  thrust  in  1.2  sec  was  used  as  a measure  of 
goodness.  The  small  amplitude  responses  that  were  obtained  initially  showed 
that  considerable  potential  existed  for  achieving  faster  part  power  transients. 
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Table  VI.  Control  Evaluation 


Note:  20  deg  PLA  = Idle  thrust 

83  deg  PLA  = Intermediate  (maximum  nonaugmented)  thrust 
130  deg  PLA  = Maximum  augmented  thrust. 


With  a few  minor  gain  adjustments,  a part  power  run  was  made  showing  a much 
improved  thrust  response  with  very  little  margin  reduction  (see  Figure  17).  While 
not  a specified  program  requirement,  this  illustrated  that  potential  exists  for 
achieving  faster  thrust  response  and  that  the  logic  can  be  adjusted  to  obtain  this 
response. 

The  “no  holds  barred”  input  was  defined  to  ensure  that  the  switching  logic 
could  not  be  fooled  by  cyclic  operation  around  a switch  point.  The  Ptj  and  Pt7 
disturbance  responses  were  both  smooth  and  stable.  It  was  recommended  that 
NASA  further  explore  the  Pt7  disturbance  at  the  higher  atltitude  conditions 
where  large  Pt7  disturbances  occur.  The  high  Mach  number  sea  level  data  showed 
good  thrust  response  but  did  not  run  on  the  Pb  limit  as  expected.  While  no 
problem  is  anticipated,  it  is  recommended  that  NASA  arbitrarily  lower  the  Pb 
limit  to  test  its  operation.  The  locked  Aj  transient  was  stable  and  compared  very 
favorably  with  a similar  run  with  Aj  released.  The  idle  die  out  test  showed  that 
the  control  operated  well  with  high  extractions  at  idle  power.  Another  test  was 
performed  to  demonstrate  that  the  Wf/Pb  acceleration  limit  could  provide  surge 
protection  in  transients.  The  effect  of  deterioration,  power  extraction  and  bleed 
extraction,  presented  in  Table  VII,  appear  very  similar  to  those  of  the  current 
FlOO  control.  At  the  operating  condition  of  Table  VII,  the  engine  is  running  on  an 
FTIT  limit.  Since  both  the  multivariable  control  (MVC)  and  Bill-of-Material 
(BOM)  control  are  integrating  FTIT  error  to  maintain  this  FTIT  limit,  the 
similarity  of  results  should  not  be  surprising.  The  results  at  other  flight 
conditions  should  be  somewhat  different.  This  will  be  investigated  in  the  NASA 
hybrid  tests. 
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Figure  17.  Typical  small  Amplitude  Part  Power 
Transient  ( Continued) 
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Table  VII.  Deterioration/Power  Extraction/Bleed  Effects 


Flight  Point:  Alternate  = OK 
PLA  = 83  (Intermediate) 


Evaluation  Item 
(See  Table  VI) 

Case 

AThrust* 
MVC  BOM 

atsfc* 

MVC  BOM 

8.  Deterioration 

0 

0 

0 

0 

0 

*/2  Nominal 

- 4.27 

- 2.71 

+0.30 

+0.26 

Nominal 

- 8.94 

- 7.22 

+0.97 

+0.92 

9.  Power  Extraction 

0 

0 

0 

0 

0 

‘/2  Nominal 

- 0.11 

+ 0.12 

+0.04 

+0.04 

Nominal 

- 0.12 

+ 0.15 

+0.09 

+0.09 

10.  Bleed  Extraction 

0 

0 

0 

0 

0 

'/2  Nominal 

- 6.86 

- 7.01 

+ 2.91 

+2.89 

Nominal 

-14.51 

-16.93 

+ 6.30 

+6.65 

All  Effects 

... 

-25.20 

-24.85 

+8.95 

+ 9.07 

* Steady  State 

Nominal  Effects  - Deterioration: 


Aljfan  ~ 1%,  A>7comp  2/C, 

AljHIgh  Turbine  ~ 2.5/C 
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Power  Extraction:  HPX  = 65  hp 

Bleed  Extraction:  6^c  of  Compressor  Airflow 
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SECTION  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 
CONCLUSIONS 

It  is  concluded  that  the  statement  of  work  for  phase  one  of  the  contract  has 
been  satisfied  by  delivering  the  data  necessary  to  support  both  NASA  Lewis 
Research  Center  and  Systems  Control,  Inc.  (Contract  No.  F33615-75-C-2053). 
Work  accomplished  in  meeting  these  requirements  included  the  following  items: 

• Dynamic  Simulation  Delivered  - NASA  and  SCI  each  have  been 
provided  an  identical  operational  FlOO  dynamic  simulation. 
Support  has  been  provided  to  assure  proper  installation  of  this 
simulation  on  the  NASA  and  SCI  computers.  The  NASA 
simulation  will  be  used  as  a basis  for  development  of  the  hybrid 
engine  simulation.  The  SCI  simulation  will  be  used  as  a model 
for  control  design  and  verification.  The  simulation  was  updated 
for  multivariable  control  interfacing  and  includes  conventional 
FKX)  control  logic  for  comparative  purposes. 

• Linear  Models  Generated  - Linear  models  of  the  form 

X=AX  + BU 
Y=CX  + DU 

were  generated  and  verified  against  the  FlOO  dynamic  sim- 
ulation. The  models  include  all  the  dynamic  terms  (16  states) 
currently  represented  in  the  FlOO  dynamic  simulation.  Matrix 
coefficients  were  generated  using  an  offset  derivative  method 
with  a forced  steady-state  match.  This  technique  was  selected 
over  two  other  candidate  techniques  because  of  inherent  steady- 
state  accuracy  and  reduced  computer  run  time.  Models  of  the 
sensors  and  actuators  were  also  provided,  both  in  a nonlinear 
and  linear  format. 

• Controls  Criteria  Provided  - Detailed  control  criteria  and  goals 
for  protection,  stability,  compatibility,  performance,  accuracy, 

46 


transients,  and  trim  were  provided.  The  criteria  proved  ade- 
quate for  all  areas  of  control  except  the  small  amplitude 
response.  In  cases  where  aircraft  operations  depend  on  engine 
response,  such  as  V/STOL,  rapid  transient  responses  would  be 
more  critical. 

The  expected  variations  in  engine  characteristics  due  to 
production  differences  and  component  degradation  over  the 
operating  life  of  the  engine  were  also  provided. 

• SCI  and  NASA  Lewis  Research  Center  Supported  - Systems 
Control,  Inc.,  has  been  supported  throughout  the  control 
synthesis  process.  This  support  included  such  areas  as  defini- 
tion of  control  variables,  selection  of  state  variables,  and 
determination  of  significant  dynamic  elements. 

NASA  Lewis  Research  Center  has  been  supported  in  developing 
the  realtime,  hybrid  computer  engine  simulation.  Assistance 
has  been  provided  in  defining  the  sensor  and  actuator  interface 
requirements  needed  to  run  the  FlOO  engine  with  the  NASA 
computer/controller. 

• Control  Evaluated  - A preliminary  control  evaluation  was 
performed  on  the  nonlinear  simulation  using  the  control  criteria 
as  a guide.  Large  amplitude  transient  time  and  protection 
criteria  were  met.  There  appears  to  be  margin  for  more 
responsive  control  action  if  required. 

RECOMMENDATIONS 

This  program  is  directed  toward  the  evaluation  of  advanced  engine  control 
techniques  on  a test  cell  engine  at  the  NASA  Lewis  Research  Center.  It  is 
recommended  that  future  work  include  flight  testing  of  these  concepts  on  a 
vehicle  such  as  the  F-15  at  the  NASA  Dryden  Flight  Research  Center. 

This  program  addressed  the  application  of  advanced  control  techniques  to  a 
nonaugmented  engine  control  system.  It  is  recommended  that  future  work  extend 


these  techniques  to  include  (1)  the  entire  propulsion  system,  i.e.,  the  engine 
(including  augmentation)  and  the  inlet,  and  (2)  the  combined  flight  and 
propulsion  control  systems. 

The  linear  models  provided  for  this  program  were  generated  based  on  the 
dynamics  of  the  nonlinear  FlOO  simulation.  It  is  recommended  that  future  work 
include  development  of  techniques  for  generation  of  dynamic  models  directly 
from  engine  data. 
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APPENDIX  A 


NOMENCLATURE 
ENGINE/CONTROL  PARAMETERS 


A 

Area,  in.* 

Aj 

Exhaust  Nozzle  Area,  ft* 

BLC 

- Customer  Compressor  Bleed  Flow  Fraction 

CIW 

- Compressor  Inlet  Variable  Vanes,  deg 

Cp 

Specific  Heat,  Btu/Ib  °R 

FN 

- Thrust,  lb 

FTrr 

Fan  Turbine  Inlet  Temperature,  °R 

GVIPOS 

- Compressor  Inlet  Variable  Vanes,  deg 

H 

- Enthalpy,  Btu/lb 

h 

Film  Coefficient,  Btu/(°R  in.*  sec) 

HVPOS 

- Rear  Compressor  Variable  Vane,  deg 

J 

Polar  Moment  of  Inertia,  ft-lb-sec* 

KA2 

Distortion  Constant 

M 

Mass,  lb 

Mn 

Mach  Number 

Pb 

- Burner  Pressure 

N, 

Fan  Rotor  Speed,  rpm 

N, 

Compressor  Rotor  Speed,  rpm 

P amb 

Ambient  Pressure,  psia 

PLA 

Power  Lever  Angle 

PR 

Pressure  Ratio 

PRMA 

- Mass  Average  Pressure  Ratio 

Pt2 

Engine  Inlet  Total  Pressure,  psia 

Pt2.B 

- Fan  Discharge  Pressure,  psia 

Pta 

Compressor  Discharge  Pressure,  psia 

Pu.a 

Interturbine  Volume  Pressure,  psia 

Pt7m 

Augmentor  Pressure,  psia 

Q 

Torque,  ft- lb 

R 

Gas  Constant,  ft/°R 
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RCW 

s 

SMAF 

SMHC 

SNCOM 

SNFAN 

TC 

T,„ 

TL 

Tt* 

Ttj.sc 

Tt2.6h 

Tt, 

Tt4hl 

Tt410 

Tt4 

Tt4.shl 

Tt4.5lo 

Tt5 

Ttec 

Tt6M 

Tt7in 

V 

Vj 

W 

Wa 

WAD 

Wf 

Wf, 

WFAN 

WFMB 

W,p 

WFTI 


Rear  Compressor  Variable  Vanes,  deg 
• Laplace  Operator 

- Fan  Stall  Margin 
Compressor  Stall  Margin 
Compressor  Rotor  Speed,  rpm 
Fan  Rotor  Speed,  rpm 
Turbine  Cooling  Airflow,  Ibm/sec 

- Inlet  Temperature,  °R 
Leakage  Airflow,  Ib/sec 

Engine  Inlet  Total  Temperature,  °R 

- Fan  Outer  Diameter  Discharge  Temperature,  “R 

- Fan  Inner  Diameter  Discharge  Temperature,  °R 
Compressor  Discharge  Temperature,  °R 
Burner  Exit  Fast  Response  Temperature,  ®R 
Burner  Exit  Slow  Temperature,  °R 

- Burner  Exit  Total  Temperature,  °R 

- Fan  Turbine  Inlet  Fast  Response  Temperature,  °R 
Fan  Turbine  Inlet  Slow  Response  Temperature,  °R 
Fan  Turbine  Exit  Temperature,  °R 

Duct  Exit  Temperature,  °R 
Augmentor  Mixed  Inlet  Temperature,  “R 
Augmentor  Exit  Temperature,  °R 
Volume,  ft® 

Jet  Velocity,  ft/sec 

- Mass  Flow,  Ib/sec 

- Airflow,  Ibm/sec 

Duct  Airflow,  tb/sec 

Fuel  Flow,  Ib/hr 

Augmentor  Fuel  Flow,  Ib/hr 

Total  Engine  Airflow,  Ib/sec 

Fuel  Flow  Main  Burner,  Ib/hr 

Primary  Fuel  Flow 

Fan  Turbine  Inlet  Flow,  Ib/sec 
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lite 


Wg 

- 

Gas  Flow,  Ib/sec 

WHPT 

- 

High  Pressure  Turbine  Flow,  Ib/sec 

SYMBOLS 

T 

- 

Ratio  of  Specific  Heats 

d 

- 

Corrected  Pressure 

A 

- 

Change 

( 

- 

Small  Shift 

f 

- 

Damping  Ratio 

V 

- 

Efficiency 

e 

- 

Corrected  Temperature 

T 

- 

Time  Constant 

- 

Natural  Frequency 

MISCELLANEOUS 

ALT 

- 

Altitude 

AFAPL 

- 

Air  Force  Aero  Propulsion  Laboratory 

C 

- 

Cold  (Fan  OD) 

COM 

- 

Compressor 

CT 

- 

Compressor  Turbine 

EEC 

- 

Engine  Electronic  Control 

F 

- 

Fan 

FT 

- 

Fan  Turbine 

H 

- 

Hot  (Fan  ID) 

ID 

- 

Inside  Diameter 

LQR 

- 

Linear  Quadratic  Regulator 

MVC 

- 

Multivariable  Control 

NASA 

- 

National  Aeronautics  and  Space  Administration 

OD 

- 

Outside  Diameter 

P&WA 

- 

Pratt  & Whitney  Aircraft 

RC 

- 

Rear  Compressor 

SCI 

- 

Systems  Control,  Inc.  (Vt) 

SLS 

- 

Sea  Level  Static 
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SM 

- Stall  Margin 

TOT 

- Total 

UFC 

- Unified  Fuel  Control 

V/STOL 

- Vertical/Short  Takeoff  and  Landing 

UNITS  OF  MEASURE 

Btu 

British  Thermal  Unit 

Deg 

Degrees 

°R 

Degrees  Rankine 

hr 

Hours 

lb 

Pounds 

ft* 

Square  Feet 

psia 

Pounds  per  Square  Inch,  Absolute 

rpm 

Revolutions  Per  Minute 

sec 

Seconds 

APPENDIX  B 

LINEAR  MODEL  DATA  POINTS 


Code 

Point  No. 

Mach  No. 

Altitude 

ft 

(Thousands) 

PLA 

(deg) 

Comments 

Basic  Set 

1 

0 

0 

20 

SLS  Idle 

! 

2 

0 

0 

36 

3 

0 

0 

52 

; 

4 

0 

0 

67 

5 

0 

0 

83 

SLS  Intermediate 

Group  1 

1 

0 

0 

24 

2 

0.9 

10 

83 

3 

0.3 

20 

24 

4 

0.6 

10 

20 

5 

0.6 

30 

24 

Group  n 

6 

1.2 

0 

83 

7 

2.2 

40 

83 

8 

0.9 

45 

130 

Maximum  Augmentation 

9 

0.9 

65 

83 

10 

2.5 

65 

130 

Maximum  Augmentation 

Extra 

1 

0.9 

10 

36 

2 

0.9 

10 

52 

3 

0.9 

10 

67 

Added  AP/P  to  Output  for  All 

the  Following  Runs 

4 

0.9 

10 

83 

5 

0.9 

30 

36 

6 

0.9 

30 

52 

7 

0.9 

30 

67 

Group  in 

1 

0 

0 

20 

Deletd 

2 

0 

0 

20 

With  BLD/HPX  Extraction 

3 

0 

0 

83 

Deleted 

4 

0.9 

10 

20 

5 

0.9 

30 

20 

6 

0.9 

30 

83 

Group  IV 

1 

0.9 

45 

83 

2 

0.9 

45 

52 

3 

0.9 

45 

40 

Low  Pfc 

4 

1.8 

75 

83 

5 

1.8 

20 

83 

6 

0.3 

20 

83 

7 

1.8 

40 

83 

8 

2.5 

65 

83 

High  Mn 

9 

2.15 

58.5 

83 

54 


4 


The  linear  FlOO  model  provided  is  of  the  form: 


F100  BODEL-H  11=0.0,  ALT=0.0,  PLA=20-  .5PC  PER1X,3PC  PERTO , 8/28/75  PAA 
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